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ÅÎ‡„Ó‰‡ﬂ ıÓÓ¯ËÏ ÙÓÚÓÂÙ‡ÍÚË‚Ì˚ÏË Ò‚ÓÈ-
ÒÚ‚‡ÏË ‰Îﬂ ËÁÛ˜ÂÌËﬂ ‚Ë‰ËÏÓ„Ó ‰Ë‡Ô‡ÁÓÌ‡, ÍËÒÚ‡Î-
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) ËÁ ÒÂÏÂÈÒÚ‚‡
ÒËÎÎÂÌËÚÓ‚ ﬂ‚Îﬂ˛ÚÒﬂ ‰ÓÒÚ‡ÚÓ˜ÌÓ ÔÓÔÛÎﬂÌ˚ÏË ÌÂ-
ÎËÌÂÈÌ˚ÏË ÒÂ‰‡ÏË ‰Îﬂ ËÁÛ˜ÂÌËﬂ Ë Â‡ÎËÁ‡ˆËË ‡Á-
ÎË˜Ì˚ı ˝ÙÙÂÍÚÓ‚ Ò‡ÏÓ‚ÓÁ‰ÂÈÒÚ‚Ëﬂ Ò‚ÂÚÓ‚˚ı ÔÛ˜-
ÍÓ‚ (ÒÏ., Ì‡ÔËÏÂ, [1–8]). èË ‚˚·ÓÂ Ì‡Ô‡‚ÎÂÌËÈ
‡ÒÔÓÒÚ‡ÌÂÌËﬂ Ò‚ÂÚÓ‚Ó„Ó ÔÛ˜Í‡ Ë ÔËÎÓÊÂÌËﬂ
‚ÌÂ¯ÌÂ„Ó ˝ÎÂÍÚË˜ÂÒÍÓ„Ó ÔÓÎﬂ, ËÒÔÓÎ¸ÁÛÂÏÓ„Ó ‰Îﬂ
Û‚ÂÎË˜ÂÌËﬂ ÌÂÎËÌÂÈÌÓ„Ó ÓÚÍÎËÍ‡, ÌÂÓ·ıÓ‰ËÏÓ Û˜Ë-
Ú˚‚‡Ú¸ ‡ÌËÁÓÚÓÔË˛ ˝ÎÂÍÚÓÓÔÚË˜ÂÒÍËı Ò‚ÓÈÒÚ‚
ÒËÎÎÂÌËÚÓ‚, ÓÚÌÓÒﬂ˘ËıÒﬂ ‚ ÍÎ‡ÒÒÛ ÒËÏÏÂÚËË 
 
23
 
 ÍÛ-
·Ë˜ÂÒÍÓÈ ÒËÌ„ÓÌËË. í‡‰ËˆËÓÌÌÓ ‡ÒÔÓÒÚ‡ÌÂÌËÂ
Ò‚ÂÚÓ‚Ó„Ó ÔÛ˜Í‡ ÔÓËÒıÓ‰ËÚ ‚‰ÓÎ¸ ÍËÒÚ‡ÎÎÓ„‡-
ÙË˜ÂÒÍËı Ì‡Ô‡‚ÎÂÌËÈ ‚Ë‰‡ 
 
〈
 
110
 
〉
 
 Ò ÔËÎÓÊÂÌËÂÏ
‚ÌÂ¯ÌÂ„Ó ÔÓÎﬂ ÔÓ ÓÒﬂÏ ÚËÔ‡ 
 
〈
 
001
 
〉
 
 [1–5], 
 
〈
 
111
 
〉
 
 [6, 7]
ËÎË 
 
〈 〉
 
 [3, 6, 7]. Ç [5–7] ÔÂ‰ÒÚ‡‚ÎÂÌ˚ Û‡‚ÌÂÌËﬂ,
ÓÔËÒ˚‚‡˛˘ËÂ ˝ÙÙÂÍÚ˚ Ò‡ÏÓ‚ÓÁ‰ÂÈÒÚ‚Ëﬂ ÔË ÔÓ-
ËÁ‚ÓÎ¸ÌÓÈ ÓËÂÌÚ‡ˆËË ÔËÎÓÊÂÌÌÓ„Ó ÔÓÎﬂ ‚ ÔÎÓÒ-
ÍÓÒÚË, ÓÚÓ„ÓÌ‡Î¸ÌÓÈ Ì‡Ô‡‚ÎÂÌË˛ ‡ÒÔÓÒÚ‡ÌÂ-
ÌËﬂ Ò‚ÂÚ‡ 
 
〈
 
110
 
〉
 
. éÚÏÂÚËÏ, ˜ÚÓ ‚ [7] Û˜ÚÂÌ‡ Ë ‡ÌËÁÓ-
ÚÓÔËﬂ ‰ÓÔÓÎÌËÚÂÎ¸ÌÓ„Ó ÙÓÚÓÛÔÛ„Ó„Ó ‚ÍÎ‡‰‡ ‚
ÏÓ‰ÛÎﬂˆË˛ ÓÔÚË˜ÂÒÍËı Ò‚ÓÈÒÚ‚ ÒÂ‰˚ ÔÓÎÂÏ ÔÓ-
ÒÚ‡ÌÒÚ‚ÂÌÌÓ„Ó Á‡ﬂ‰‡, Ì‡‚Ó‰ËÏÓ„Ó Ò‚ÂÚÓ‚˚Ï ÔÛ˜-
ÍÓÏ.
é‰Ì‡ÍÓ ‡ÒÒÏÓÚÂÌÌ˚Â ‚‡Ë‡ÌÚ˚ ÓËÂÌÚ‡ˆËË
ÍËÒÚ‡ÎÎÓ‚ ÒËÎÎÂÌËÚÓ‚ ÌÂ Â‰ËÌÒÚ‚ÂÌÌ˚Â ‰Îﬂ Â‡-
ÎËÁ‡ˆËË ˝ÙÙÂÍÚÓ‚ Ò‡ÏÓ‚ÓÁ‰ÂÈÒÚ‚Ëﬂ Ò‚ÂÚ‡. Ç Ì‡-
ÒÚÓﬂ˘ÂÈ ‡·ÓÚÂ ÔÓÎÛ˜ÂÌ˚ Û‡‚ÌÂÌËﬂ, ÔÓÁ‚ÓÎﬂ˛-
˘ËÂ ‡Ì‡ÎËÁËÓ‚‡Ú¸ Ò‡ÏÓ‚ÓÁ‰ÂÈÒÚ‚ËÂ Ò‚ÂÚÓ‚˚ı
ÔÛ˜ÍÓ‚ Ò Ó‰ÌÓÏÂÌ˚Ï ‚ıÓ‰Ì˚Ï ‡ÒÔÂ‰ÂÎÂÌËÂÏ
ËÌÚÂÌÒË‚ÌÓÒÚË, ÔË ‡ÒÔÓÒÚ‡ÌÂÌËÂ ‚‰ÓÎ¸ ÍË-
ÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍÓÈ ÓÒË [ ] ÍËÒÚ‡ÎÎÓ‚ ÒËÏÏÂÚ-
ËË 
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. éËÂÌÚ‡ˆËﬂ ‚ÌÂ¯ÌÂ„Ó ˝ÎÂÍÚË˜ÂÒÍÓ„Ó ÔÓ-
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íÓÏÒÍËÈ „ÓÒÛ‰‡ÒÚ‚ÂÌÌ˚È ÛÌË‚ÂÒËÚÂÚ ÒËÒÚÂÏ ÛÔ‡‚ÎÂÌËﬂ
Ë ‡‰ËÓ˝ÎÂÍÚÓÌËÍË.
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 àÌÒÚËÚÛÚ ÙËÁËÍË ËÏ. Å.à. ëÚÂÔ‡ÌÓ‚Í‡ ç‡ˆËÓÌ‡Î¸ÌÓÈ ‡Í‡-
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Îﬂ Ò˜ËÚ‡ÂÚÒﬂ ÔÓËÁ‚ÓÎ¸ÌÓÈ ‚ ÔÎÓÒÍÓÒÚË, ÓÚÓ„Ó-
Ì‡Î¸ÌÓÈ ‰‡ÌÌÓÏÛ Ì‡Ô‡‚ÎÂÌË˛. ê‡ÒÒÏ‡ÚË‚‡ÂÏ‡ﬂ
ÏÓ‰ÂÎ¸ Û˜ËÚ˚‚‡ÂÚ ÂÒÚÂÒÚ‚ÂÌÌÛ˛ ÓÔÚË˜ÂÒÍÛ˛ ‡Í-
ÚË‚ÌÓÒÚ¸, Ì‡‚Â‰ÂÌÌÓÂ ‚ÌÂ¯ÌËÏ ÔÓÎÂÏ ÎËÌÂÈÌÓÂ
‰‚ÛÎÛ˜ÂÔÂÎÓÏÎÂÌËÂ Ë ‰ÓÔÓÎÌËÚÂÎ¸Ì˚È ‚ÍÎ‡‰ ÙÓ-
ÚÓÛÔÛ„Ó„Ó ˝ÙÙÂÍÚ‡ ‚ ÏÓ‰ÛÎﬂˆË˛ ÓÔÚË˜ÂÒÍËı
Ò‚ÓÈÒÚ‚ ÍËÒÚ‡ÎÎ‡ ÔÓÎÂÏ ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ„Ó Á‡ﬂ-
‰‡. ÑÓÒÚÓËÌÒÚ‚ ÒÂÁÓ‚ ÚËÔ‡ {112} ÍÛ·Ë˜ÂÒÍËı ÙÓ-
ÚÓÂÙ‡ÍÚË‚Ì˚ı ÍËÒÚ‡ÎÎÓ‚ – ˝ÚÓ ‚ÓÁÏÓÊÌÓÒÚ¸
Â‡ÎËÁ‡ˆËË ‚ÒÚÂ˜ÌÓ„Ó ‚Á‡ËÏÓ‰ÂÈÒÚ‚Ëﬂ Ò‚ÂÚÓ‚˚ı
ÔÛ˜ÍÓ‚ Ì‡ ÓÚ‡Ê‡ÚÂÎ¸Ì˚ı „ÓÎÓ„‡ÙË˜ÂÒÍËı Â-
¯ÂÚÍ‡ı [9], ÍÓÚÓÓÂ ÓÚÒÛÚÒÚ‚ÛÂÚ ‚ Ó·‡Áˆ‡ı Ú‡‰Ë-
ˆËÓÌÌÓÈ ÓËÂÌÚ‡ˆËË ÚËÔ‡ {110}.
ê‡ÒÒÏÓÚËÏ ÍËÒÚ‡ÎÎ ÒËÏÏÂÚËË 
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, ‚ ÍÓÚÓÓÏ
‚‰ÓÎ¸ ÓÒË 
 
z
 
, ÒÓ‚Ô‡‰‡˛˘ÂÈ Ò ÍËÒÚ‡ÎÎÓ„‡ÙË˜Â-
ÒÍËÏ Ì‡Ô‡‚ÎÂÌËÂÏ [ ], ‡ÒÔÓÒÚ‡ÌﬂÂÚÒﬂ Ò‚Â-
ÚÓ‚ÓÈ ÔÛ˜ÓÍ Ò ‡ÒÔÂ‰ÂÎÂÌËÂÏ ËÌÚÂÌÒË‚ÌÓÒÚË 
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)
Ì‡ ‚ıÓ‰ÌÓÈ „‡ÌË (ËÒ. 1). ÇÌÂ¯ÌÂÂ ˝ÎÂÍÚË˜ÂÒÍÓÂ
ÔÓÎÂ, ÁÌ‡ÍÓÔÂÂÏÂÌÌÓÂ ËÎË ÔÓÒÚÓﬂÌÌÓÂ, ÔËÎÓÊÂ-
ÌÓ ‚‰ÓÎ¸ ÓÒË 
 
x
 
, ÒÓÒÚ‡‚Îﬂ˛˘ÂÈ Û„ÓÎ 
 
θ
 
 Ò ÍËÒÚ‡ÎÎÓ-
„‡ÙË˜ÂÒÍËÏ Ì‡Ô‡‚ÎÂÌËÂÏ [ ]. äÓÏÔÓÌÂÌÚ˚
‰Ë˝ÎÂÍÚË˜ÂÒÍÓ„Ó ÚÂÌÁÓ‡ Ò Û˜ÂÚÓÏ ‚ÌÂ¯ÌÂ„Ó Ó‰-
ÌÓÓ‰ÌÓ„Ó ÔÓÎﬂ 
 
E
 
0
 
 Ë Ì‡‚Â‰ÂÌÌÓ„Ó Ò‚ÂÚÓ‚˚Ï ÔÛ˜ÍÓÏ
ÔÓÎﬂ ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ„Ó Á‡ﬂ‰‡ 
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) ÔÂ‰ÒÚ‡-
‚ËÏ ‚ ‚Ë‰Â [7]
(1)
(2)
„‰Â 
 
n
 
0
 
 – ÔÓÍ‡Á‡ÚÂÎ¸ ÔÂÎÓÏÎÂÌËﬂ ÌÂ‚ÓÁÏÛ˘ÂÌÌÓ„Ó
ÍËÒÚ‡ÎÎ‡; 
 
δ
 
ij
 
 Ë 
 
δ
 
ijk
 
 – Â‰ËÌË˜Ì˚Â ÒËÏÏÂÚË˜Ì˚È Ë
‡ÌÚËÒËÏÏÂÚË˜Ì˚È ÚÂÌÁÓ˚;  Ë  – ˝ÎÂÍÚÓ-
ÓÔÚË˜ÂÒÍËÂ ÍÓ˝ÙÙËˆËÂÌÚ˚ ÏÂı‡ÌË˜ÂÒÍË Á‡Ê‡ÚÓ„Ó
Ë Ò‚Ó·Ó‰ÌÓ„Ó ÍËÒÚ‡ÎÎÓ‚ ÒÓÓÚ‚ÂÚÒÚ‚ÂÌÌÓ;  –
ÍÓÏÔÓÌÂÌÚ˚ ÙÓÚÓÛÔÛ„Ó„Ó ÚÂÌÁÓ‡; 
 
γ
 
kn
 
 – ÍÓÏÔÓ-
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ÌÂÌÚ˚ ÚÂÌÁÓ‡, Ó·‡ÚÌÓ„Ó Í 
 
Γ
 
nk
 
 = 
 
m
 
m
 
m
 
l
 
; 
Ë 
 
e
 
mnp
 
 – ÍÓÏÔÓÌÂÌÚ˚ ÚÂÌÁÓÓ‚ ÏÓ‰ÛÎÂÈ ÛÔÛ„ÓÒÚË Ë
Ô¸ÂÁÓ˝ÎÂÍÚË˜ÂÒÍËı ÍÓÌÒÚ‡ÌÚ, 
 
m
 
k
 
 – Ì‡Ô‡‚Îﬂ˛˘ËÂ
ÍÓÒËÌÛÒ˚ ÓÒË 
 
x
 
 ÍËÒÚ‡ÎÎÓ„‡ÙË˜ÂÒÍËı ÍÓÓ‰ËÌ‡-
Ú‡ı.
ê‡ÒÔÓÒÚ‡ÌÂÌËÂ Ò‚ÂÚÓ‚Ó„Ó ÔÛ˜Í‡ ‚ ÍÛ·Ë˜ÂÒÍÓÏ
ÙÓÚÓÂÙ‡ÍÚË‚ÌÓÏ ÍËÒÚ‡ÎÎÂ, Ó·Î‡‰‡˛˘ÂÏ ÓÔÚË-
˜ÂÒÍÓÈ ‡ÍÚË‚ÌÓÒÚ¸˛ Ò Û‰ÂÎ¸Ì˚Ï ‚‡˘ÂÌËÂÏ 
 
ρ
 
, ÏÓ-
ÊÂÚ ·˚Ú¸ ÓÔËÒ‡ÌÓ ‚ Ô‡‡ÍÒË‡Î¸ÌÓÏ ÔË·ÎËÊÂÌËË
Û‡‚ÌÂÌËﬂÏË, ‡Ì‡ÎÓ„Ë˜Ì˚ÏË ÔÓÎÛ˜ÂÌÌ˚Ï ‚ [7], ‰Îﬂ
ÒÓÒÚ‡‚Îﬂ˛˘Ëı ‚ÂÍÚÓÌÓÈ Ó„Ë·‡˛˘ÂÈ ÔÓÎﬂ (
 
x
 
, 
 
z
 
):
(3)
„‰Â 
 
k
 
0
 
 = 2
 
π
 
/
 
λ
 
 Ë 
 
λ
 
 – ‰ÎËÌ‡ ‚ÓÎÌ˚ Ò‚ÂÚ‡. ÑÎﬂ ‡ÒÒÏ‡Ú-
Ë‚‡ÂÏÓÈ ÓËÂÌÚ‡ˆËË ÍËÒÚ‡ÎÎ‡ ‚ıÓ‰ﬂ˘ËÂ ‚ ÒËÒÚÂ-
ÏÛ Û‡‚ÌÂÌËÈ (3) ÍÓ˝ÙÙËˆËÂÌÚ˚ 
 
µ
 
i
 
 Ë 
 
η
 
i
 
 ÔËÌËÏ‡˛Ú
‚Ë‰
(4)
(5)
Cnmkl
E Cnmkl
E
A
→
i
∂Ax
∂z--------
1
2k0n0
-------------
∂2Ax
∂x2
----------
k0n0
3
2--------- r41
T E0 µ1Ax µ2Ay+( ) ––+
–
k0n0
3
2--------- ESC η1Ax η2Ay+( ) iρAy– 0,=
i
∂Ay
∂z--------
1
2k0n0
-------------
∂2Ay
∂x2
----------
k0n0
3
2--------- r41
T E0 µ2Ax µ3Ay+( ) ––+
–
k0n0
3
2--------- ESC η2Ax η3Ay+( ) iρAx+ 0,=







µ1
θsin
3
---------- 5 θcos2 2–( ),–=
µ2
θcos
3
----------- 5 θsin2 1–( ),–=
µ3
θsin
3
---------- 5 θcos2 1–( ),=
η1
θsin2
3------------ ∆b11 ∆b22 ∆b33 ++ +[=
+ 2 ∆b12 ∆b13 ∆b23+ +( ) ] +
+
θcos2
2------------- ∆b11 ∆b22 2∆b12–+( ) +
+
2θsin
6
------------- ∆b11 ∆b22– ∆b13 ∆b23–+( ),
η2
2θsin
12------------- ∆b11 ∆b22 2∆b33 ––+[=
– 10∆b12 4 ∆b13 ∆b23+( ) ] ––
–
2θcos
6
-------------- ∆b11 ∆b22– ∆b13 ∆b23–+( ),
íÂÚËÈ ˜ ÎÂÌ ‚ Û‡‚ÌÂÌËﬂı (3) ÓÔÂ‰ÂÎﬂÂÚ ÎËÌÂÈ-
ÌÓÂ ‰‚ÛÎÛ˜ÂÔÂÎÓÏÎÂÌËÂ, Ì‡‚Ó‰ËÏÓÂ ‚ ÍËÒÚ‡ÎÎÂ
‚ÌÂ¯ÌËÏ ˝ ÎÂÍÚË˜ÂÒÍËÏ ÔÓÎÂÏ. ÇÂÎË˜ËÌ‡ ‰‡ÌÌÓ„Ó
˜ÎÂÌ‡ ÓÔÂ‰ÂÎﬂÂÚÒﬂ ÍÓ˝ÙÙËˆËÂÌÚ‡ÏË µ1, µ2 Ë µ3,
Á‡‚ËÒËÏÓÒÚË ÍÓÚÓ˚ı ÓÚ ÓËÂÚ‡ˆËÓÌÌÓ„Ó Û„Î‡ θ
ÔÂ‰ÒÚ‡‚ÎÂÌ˚ Ì‡ ËÒ. 2. Ñ‡ÌÌ˚Â ÍÓ˝ÙÙËˆËÂÌÚ˚ ÌÂ
Á‡‚ËÒﬂÚ ÓÚ ÚËÔ‡ ÍÛ·Ë˜ÂÒÍÓ„Ó ÙÓÚÓÂÙ‡ÍÚË‚ÌÓ„Ó
ÍËÒÚ‡ÎÎ‡ ‚ ÓÚÎË˜ËÂ ÓÚ ÍÓ˝ÙÙËˆËÂÌÚÓ‚ η1, η2 Ë η3,
ÓÔÂ‰ÂÎﬂ˛˘Ëı ‚ÂÎË˜ËÌÛ Ë ÁÌ‡Í ÙÓÚÓÂÙ‡ÍÚË‚-
ÌÓÈ ÌÂÎËÌÂÈÌÓÒÚË (˜ÂÚ‚ÂÚ˚È ˜ÎÂÌ ‚ Û‡‚ÌÂÌËﬂı
(3)). éËÂÌÚ‡ˆËÓÌÌ˚Â Á‡‚ËÒËÏÓÒÚË ˝ÚËı ÍÓ˝ÙÙË-
ˆËÂÌÚÓ‚, ‡ÒÒ˜ËÚ‡ÌÌ˚Â Ò ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ Ï‡ÚÂË-
‡Î¸Ì˚ı ÍÓÌÒÚ‡ÌÚ, ÔË‚Â‰ÂÌÌ˚ı ‚ [10, 11], ÔÂ‰ÒÚ‡‚-
ÎÂÌ˚ Ì‡ ËÒ. 3 ‰Îﬂ ÍËÒÚ‡ÎÎÓ‚ BTO Ë BSO.
àÁ Ò‡‚ÌÂÌËﬂ ËÒ. 2 Ë 3 ÏÓÊÌÓ Á‡ÏÂÚËÚ¸, ˜ÚÓ
ÓËÂÌÚ‡ˆËÓÌÌ˚Â Á‡‚ËÒËÏÓÒÚË ηi(θ) Ë µi(θ), ËÏÂ˛-
η3
θsin2
2------------ ∆b11 ∆b22 2∆b12–+( ) +=
+
θcos2
2------------- ∆b11 ∆b22 ∆b33 ++ +[
+ 2 ∆b12 ∆b13 ∆b23+ +( ) ] –
–
2θsin
6
------------- ∆b11 ∆b22– ∆b13 ∆b23–+( ).
A
x
y z
U
α θ
[11
–
0]
[111]
– ––
[112]
– –
êËÒ. 1. éËÂÌÚ‡ˆËﬂ ÙÓÚÓÂÙ‡ÍÚË‚ÌÓ„Ó ÍËÒÚ‡ÎÎ‡ ‚
ÛÒÎÓ‚Ëﬂı ‚ÌÂ¯ÌÂ„Ó ÔËÎÓÊÂÌÌÓ„Ó ÔÓÒÚÓﬂÌÌÓ„Ó ˝ÎÂÍ-
ÚË˜ÂÒÍÓ„Ó ÔÓÎﬂ U, ‚ ÍÓÚÓÓÏ ‡ÒÔÓÒÚ‡ÌﬂÂÚÒﬂ Ò‚ÂÚÓ-
‚ÓÈ ÔÛ˜ÓÍ Ò ‡ÒÔÂ‰ÂÎÂÌËÂÏ ËÌÚÂÌÒË‚ÌÓÒÚË I(x) Ì‡
‚ıÓ‰ÌÓÈ „‡ÌË.
µi, ÓÚÌ. Â‰.
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êËÒ. 2. á‡‚ËÒËÏÓÒÚË ÍÓ˝ÙÙËˆËÂÌÚÓ‚ µ1, µ2, µ3 ÓÚ ÓË-
ÂÌÚ‡ˆËÓÌÌÓ„Ó Û„Î‡ θ.
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Í‡¯ËÌ Ë ‰.
˘ËÂ Ó‰ËÌ‡ÍÓ‚˚È ı‡‡ÍÚÂ, ÍÓÎË˜ÂÒÚ‚ÂÌÌÓ ‚ Ì‡Ë-
·ÓÎ¸¯ÂÈ ÒÚÂÔÂÌË ‡ÁÎË˜‡˛ÚÒﬂ ‚·ÎËÁË ˝ÍÒÚÂÏÛ-
ÏÓ‚. ùÚË ‡ÁÎË˜Ëﬂ Ò‚ﬂÁ‡Ì˚ Ò ‰ÓÔÓÎÌËÚÂÎ¸Ì˚Ï
‚ÍÎ‡‰ÓÏ, Ó·ÛÒÎÓ‚ÎÂÌÌ˚Ï ÒÓ‚ÏÂÒÚÌ˚Ï ‰ÂÈÒÚ‚ËÂÏ
Ô¸ÂÁÓ˝ÎÂÍÚË˜ÂÒÍÓ„Ó Ë ÙÓÚÓÛÔÛ„Ó„Ó ˝ÙÙÂÍÚÓ‚ ‚
‚ÓÁÏÛ˘ÂÌËﬂ ÓÔÚË˜ÂÒÍËı Ò‚ÓÈÒÚ‚ ÍËÒÚ‡ÎÎ‡ ÔÓÎÂÏ
ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ„Ó Á‡ﬂ‰‡ ESC [10, 11], Ì‡‚Ó‰ËÏ˚Ï
‚ ‰‡ÌÌÓÏ ÒÎÛ˜‡Â Ò‚ÂÚÓ‚˚Ï ÔÛ˜ÍÓÏ. ç‡ËÎÛ˜¯ËÂ
ÛÒÎÓ‚Ëﬂ ‰Îﬂ Â‡ÎËÁ‡ˆËË ˝ÙÙÂÍÚÓ‚ Ò‡ÏÓ‚ÓÁ‰ÂÈ-
ÒÚ‚Ëﬂ ‰ÓÒÚË„‡˛ÚÒﬂ ÔË ‚ÌÂ¯ÌÂÏ ÔÓÎÂ, ÔËÎÓÊÂÌ-
ÌÓÏ ‚‰ÓÎ¸ Ì‡Ô‡‚ÎÂÌËﬂ [111], ÔË θ = 90° Ë ÓËÂÌ-
Ú‡ˆËË ‚ÂÍÚÓ‡ ÔÓÎﬂËÁ‡ˆËË Ò‚ÂÚ‡ ‚‰ÓÎ¸ ÚÓ„Ó ÊÂ
Ì‡Ô‡‚ÎÂÌËﬂ (α = 0, ÒÏ. ËÒ. 1). Ç ˝ ÚÓÏ ÒÎÛ˜‡Â ÍÓ˝Ù-
ÙËˆËÂÌÚ˚ µ1 Ë η1, ÓÔÂ‰ÂÎﬂ˛˘ËÂ Ì‡‚Â‰ÂÌÌÓÂ ‰‚Û-
ÎÛ˜ÂÔÂÎÓÏÎÂÌËÂ Ë ÌÂÎËÌÂÈÌÓÂ Ò‡ÏÓ‚ÓÁ‰ÂÈÒÚ‚ËÂ
‰Îﬂ x-ÔÓÎﬂËÁ‡ˆËË, ‰ÓÒÚË„‡˛Ú Ï‡ÍÒËÏ‡Î¸Ì˚ı ÁÌ‡-
˜ÂÌËÈ, Ú‡ÍËı ÊÂ, Í‡Í Ë ‰Îﬂ ÍËÒÚ‡ÎÎÓ‚ Ú‡‰ËˆËÓÌ-
ÌÓÈ ÓËÂÌÚ‡ˆËË ÚËÔ‡ {110}. ëÎÂ‰ÛÂÚ ÓÚÏÂÚËÚ¸, ˜ ÚÓ
‚ ÍËÒÚ‡ÎÎÂ Çíé ·ÓÎ¸¯ËÈ ‰ÓÔÓÎÌËÚÂÎ¸Ì˚È ÙÓÚÓ-
ÛÔÛ„ËÈ ‚ÍÎ‡‰ ÔË‚Ó‰ËÚ Í ·ÓÎ¸¯ËÏ ÁÌ‡˜ÂÌËﬂÏ ÍÓ-
˝ÙÙËˆËÂÌÚ‡ |η1| = 1.436, ˜ ÂÏ ‚ BSO (|η1| = 1.183) ÔË
ÓËÂÌÚ‡ˆËË ‚ÌÂ¯ÌÂ„Ó ÔÓÎﬂ ‚‰ÓÎ¸ ÓÒÂÈ ÚËÔ‡ 〈111〉.
é‰Ì‡ÍÓ ÍÓ˝ÙÙËˆËÂÌÚ η3, ı‡‡ÍÚÂËÁÛ˛˘ËÈ ÌÂÎË-
ÌÂÈÌÓÂ Ò‡ÏÓ‚ÓÁ‰ÂÈÒÚ‚ËÂ Á‡ Ò˜ÂÚ y-ÒÓÒÚ‡‚Îﬂ˛˘ÂÈ
‚ÂÍÚÓ‡ ÔÓÎﬂËÁ‡ˆËË, ËÏÂÂÚ ·ÓÎ¸¯Û˛ ‡·ÒÓÎ˛Ú-
ÌÛ˛ ‚ÂÎË˜ËÌÛ ‰Îﬂ ÍËÒÚ‡ÎÎ‡ BSO (  = –0.48,
 = –0.261), ÔË θ = 90°.
èË ÁÌ‡˜ÂÌËË ÓËÂÌÚ‡ˆËÓÌÌÓ„Ó Û„Î‡ θ = 0° (
|| [ ]), Í‡Í Ë ‚ Ó·‡Áˆ‡ı Ú‡‰ËˆËÓÌÌÓÈ ÓËÂÌÚ‡-
ˆËË, ÓÚ ÌÛÎﬂ ÓÚÎË˜Ì˚ ÚÓÎ¸ÍÓ ÍÓ˝ÙÙËˆËÂÌÚ˚ µ2 Ë
η2, ÓÚ‚Â˜‡˛˘ËÂ Á‡ ÍÓÒÒ-Ò‚ﬂÁ¸ ÏÂÊ‰Û x- Ë y-ÒÓÒÚ‡‚-
Îﬂ˛˘ËÏË ‚ÂÍÚÓ‡ . é‰Ì‡ÍÓ ‚ ‡ÒÒÏ‡ÚË‚‡ÂÏÓÏ
ÒÎÛ˜‡Â Ëı ÁÌ‡˜ÂÌËﬂ µ2 = 0.577,  = 0.533 Ë 
= 0.657 ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÌËÊÂ ÔÓ ÏÓ‰ÛÎ˛ (µ2 = –1, 
= –0.923 Ë  = –1.137), ˜ÂÏ ‰Îﬂ ÒÂÁ‡ (110) ÔË
ÚÓÏ ÊÂ Ì‡Ô‡‚ÎÂÌËË ÔËÎÓÊÂÌÌÓ„Ó ÔÓÎﬂ.
η3
BSO
η3
BTO
E0
→
110
A
→
η2
BTO η2
BSO
η2
BTO
η2
BSO
óËÒÎÂÌÌ˚È ‡Ì‡ÎËÁ ‡ÒÔÓÒÚ‡ÌÂÌËﬂ Ò‚ÂÚÓ‚Ó„Ó
ÔÛ˜Í‡ (λ = 633 ÌÏ) Ò ‚ıÓ‰Ì˚Ï ‡ÒÔÂ‰ÂÎÂÌËÂÏ ‡Ï-
ÔÎËÚÛ‰˚ ‚ ‚Ë‰Â ÙÛÌÍˆËË É‡ÛÒÒ‡ (‡‰ËÛÒ ÔÂÂÚﬂÊÍË
x0 = 25 ÏÍÏ) ÔÓ‚Ó‰ËÎË Ò ËÒÔÓÎ¸ÁÓ‚‡ÌËÂÏ Û‡‚ÌÂ-
ÌËÈ (2)–(5) Ì‡ ÓÒÌÓ‚Â ÍÓÌÂ˜ÌÓ-‡ÁÌÓÒÚÌÓÈ ÒıÂÏ˚
ÑÛ„Î‡Ò‡ [12]. Ç ‡Ò˜ÂÚ‡ı Ô‡‡ÏÂÚ˚ ÍËÒÚ‡ÎÎ‡
BTO (‡ÁÏÂ ‚‰ÓÎ¸ ÓÒË z d = 15 ÏÏ, ρ = 6 Û„Î. „‡‰ ·
ÏÏ–1) ÔËÌËÏ‡ÎËÒ¸ Ú‡ÍËÏË ÊÂ, Í‡Í Ë ‚ [6].
ÄÌ‡ÎËÁ ÔÓÍ‡Á˚‚‡ÂÚ, ˜ÚÓ ‰ÓÔÓÎÌËÚÂÎ¸Ì˚È ÙÓ-
ÚÓÛÔÛ„ËÈ ‚ÍÎ‡‰ ÒÛ˘ÂÒÚ‚ÂÌÌÓ ÛÏÂÌ¸¯‡ÂÚ ‚ÂÎË˜Ë-
ÌÛ ÌÂÓ·ıÓ‰ËÏÓ„Ó ‰Îﬂ Â‡ÎËÁ‡ˆËË Í‚‡ÁËÒÓÎËÚÓÌÌÓ-
„Ó ÂÊËÏ‡ ‡ÒÔÓÒÚ‡ÌÂÌËﬂ ÔÛ˜Í‡ ‚ÌÂ¯ÌÂ„Ó ÔÓÎﬂ,
‚ ÒÎÛ˜‡Â Â„Ó ÔËÎÓÊÂÌËﬂ ‚‰ÓÎ¸ Ì‡Ô‡‚ÎÂÌËÈ ‚Ë‰‡
〈111〉. Ç [6], ‡ÒÒÏ‡ÚË‚‡˛˘ÂÈ ‡ÒÔÓÒÚ‡ÌÂÌËÂ
ÔÛ˜Í‡ ‚ ÍËÒÚ‡ÎÎÂ ÒÂÁ‡ (110) ·ÂÁ Û˜ÂÚ‡ ÙÓÚÓÛÔÛ-
„Ó„Ó ‚ÍÎ‡‰‡, ÔÓÎÛ˜ÂÌÓ ÁÌ‡˜ÂÌËÂ ÌÂÓ·ıÓ‰ËÏÓÈ Ì‡-
ÔﬂÊÂÌÌÓÒÚË ÔÓÎﬂ E0 ≈ 4.1 ÍÇ · ÒÏ–1. ì˜ÂÚ ÙÓÚÓ-
ÛÔÛ„Ó„Ó ‚ÍÎ‡‰‡ “ÒÌËÊ‡ÂÚ” ‰‡ÌÌÓÂ Ì‡ÔﬂÊÂÌËÂ ‰Ó
ÁÌ‡˜ÂÌËﬂ 3.4 ÍÇ · ÒÏ–1, Ó‰ËÌ‡ÍÓ‚Ó„Ó ‰Îﬂ ÒÂÁÓ‚ ‚Ë‰‡
{110} Ë {112}.
Ç ÒÎÛ˜‡Â ÔËÎÓÊÂÌËﬂ ÔÓÎﬂ ‚‰ÓÎ¸ ÍËÒÚ‡ÎÎÓ„‡-
ÙË˜ÂÒÍÓ„Ó Ì‡Ô‡‚ÎÂÌËﬂ [ ] ‡ÁÌËˆ‡ ‚ ÍÓ˝ÙÙË-
ˆËÂÌÚ‡ı µ2, η2 ‰Îﬂ ÒÂÁÓ‚ ‚Ë‰‡ {110} Ë {112} ÒÛ˘Â-
ÒÚ‚ÂÌÌÓ ‚ÎËﬂÂÚ Ì‡ ÛÒÎÓ‚Ëﬂ Ì‡·Î˛‰ÂÌËﬂ ÒÓÎËÚÓÌÓ-
ÔÓ‰Ó·ÌÓ„Ó ‡ÒÔÓÒÚ‡ÌÂÌËﬂ Î‡ÁÂÌÓ„Ó ÔÛ˜Í‡. ÑÎﬂ
Í‡Ê‰Ó„Ó ËÁ ˝ÚËı ÒÂÁÓ‚ ÔË ‰‡ÌÌÓÏ Ì‡Ô‡‚ÎÂÌËË
ÔÓÎﬂ ˝Í‡ÌËÛ˛˘‡ﬂ ÌÂÎËÌÂÈÌÓÒÚ¸ ‰ÓÒÚË„‡ÂÚ Ï‡Í-
ÒËÏÛÏ‡ ÔË ÓËÂÌÚ‡ˆËË ‚ÂÍÚÓ‡ ÔÓÎﬂËÁ‡ˆËË ÔÓ‰
Û„ÎÓÏ α = ±45° Í ÓÒË x [7]. ê‡Ò˜ÂÚ˚ ÔÓÍ‡Á˚‚‡˛Ú,
˜ÚÓ ÒÓÎËÚÓÌÓÔÓ‰Ó·ÌÓÂ ‡ÒÔÓÒÚ‡ÌÂÌËÂ ÔÛ˜Í‡ Ò
Ú‡ÍÓÈ ‚ıÓ‰ÌÓÈ ÔÓÎﬂËÁ‡ˆËÂÈ Ë Ò Ô‡‡ÏÂÚ‡ÏË, ÔË-
‚Â‰ÂÌÌ˚ÏË ‚˚¯Â, ‰ÓÎÊÌÓ Ì‡·Î˛‰‡Ú¸Òﬂ ‚ ÍËÒÚ‡Î-
ÎÂ BTO ÒÂÁ‡ ( ) ÔË Ì‡ÔﬂÊÂÌÌÓÒÚË ÔÓÎﬂ E0 ≈
≈ 8.8 ÍÇ · ÒÏ–1, ‚ ÚÓ ‚ÂÏﬂ Í‡Í ‰Îﬂ ÒÂÁ‡ (110) ÓÌÓ Â-
‡ÎËÁÛÂÚÒﬂ ÔË E0 ≈ 5.1 ÍÇ · ÒÏ–1.
í‡ÍËÏ Ó·‡ÁÓÏ, ‚ ‰‡ÌÌÓÈ ‡·ÓÚÂ ‡Á‚ËÚ‡ ÚÂÓÂ-
ÚË˜ÂÒÍ‡ﬂ ÏÓ‰ÂÎ¸ Ò‡ÏÓ‚ÓÁ‰ÂÈÒÚ‚Ëﬂ Ó‰ÌÓÏÂÌ˚ı
Ò‚ÂÚÓ‚˚ı ÔÛ˜ÍÓ‚ ‚ ÍËÒÚ‡ÎÎ‡ı ÒËÎÎÂÌËÚÓ‚ ÒÂÁ‡
( ), Û˜ËÚ˚‚‡˛˘‡ﬂ ‚ÂÍÚÓÌ˚È ı‡‡ÍÚÂ Ò‚ÂÚÓ-
‚Ó„Ó ÔÓÎﬂ, „ËÓÚÓÔË˛ ÒÂ‰˚, Ì‡‚Â‰ÂÌÌÓÂ ‚ÌÂ¯-
ÌËÏ ÔÓÎÂÏ ÎËÌÂÈÌÓÂ ‰‚ÛÎÛ˜ÂÔÂÎÓÏÎÂÌËÂ Ë ‰ÓÔÓÎ-
ÌËÚÂÎ¸Ì˚È ÙÓÚÓÛÔÛ„ËÈ ‚ÍÎ‡‰ ‚ ÏÓ‰ÛÎﬂˆË˛ ÓÔÚË-
˜ÂÒÍËı Ò‚ÓÈÒÚ‚ ÔÓÎÂÏ ÔÓÒÚ‡ÌÒÚ‚ÂÌÌÓ„Ó Á‡ﬂ‰‡.
èÓÍ‡Á‡ÌÓ, ˜ÚÓ ‚ ÒÎÛ˜‡Â ÔËÎÓÊÂÌËﬂ ‚ÌÂ¯ÌÂ„Ó ÔÓ-
Îﬂ ‚‰ÓÎ¸ ÓÒË ÚËÔ‡ 〈111〉 ‚ÂÎË˜ËÌ‡ Ë ı‡‡ÍÚÂ ˝Ù-
ÙÂÍÚÓ‚ Ò‡ÏÓ‚ÓÁ‰ÂÈÒÚ‚Ëﬂ ÌÂ ÓÚÎË˜‡˛ÚÒﬂ ÓÚ Â‡ÎË-
ÁÛÂÏ˚ı ‚ ÍËÒÚ‡ÎÎ‡ı Ú‡‰ËˆËÓÌÌÓ„Ó ÒÂÁ‡ ÚËÔ‡
{110}. ÑÓÒÚÓËÌÒÚ‚Ó ËÒÔÓÎ¸ÁÓ‚‡ÌËﬂ ÍËÒÚ‡ÎÎÓ‚
ÒÂÁ‡ ( ) – ˝ ÚÓ ‚ÓÁÏÓÊÌÓÒÚ¸ ‚ÒÚÂ˜ÌÓ„Ó ‚Á‡ËÏÓ-
‰ÂÈÒÚ‚Ëﬂ ‡ÒÔÓÒÚ‡Ìﬂ˛˘ËıÒﬂ Ò‚ÂÚÓ‚˚ı ÔÛ˜ÍÓ‚ Ì‡
ÙÓÏËÛÂÏ˚ı ËÏË ÓÚ‡Ê‡ÚÂÎ¸Ì˚ı ÙÓÚÓÂÙ‡Í-
ÚË‚Ì˚ı „ÓÎÓ„‡ÏÏ‡ı.
ê‡·ÓÚ‡ ‚˚ÔÓÎÌÂÌ‡ ÔË ÔÓ‰‰ÂÊÍÂ êîîà Ë
Åêîîà („‡ÌÚ ‹ 06-02-81040-ÅÂÎ_‡) Ë ÔÓ„‡Ï-
Ï˚ “ê‡Á‚ËÚËÂ Ì‡Û˜ÌÓ„Ó ÔÓÚÂÌˆË‡Î‡ ‚˚Ò¯ÂÈ ¯ÍÓ-
Î˚ (2006–2008 „Ó‰˚)".
110
112
112
112
ηiBTO , ηiBSO, ÓÚÌ. Â‰.
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êËÒ. 3. á‡‚ËÒËÏÓÒÚË ÍÓ˝ÙÙËˆËÂÌÚÓ‚ η1, η2, η3 ÓÚ ÓË-
ÂÌÚ‡ˆËÓÌÌÓ„Ó Û„Î‡ θ ‚ ÍËÒÚ‡ÎÎ‡ı ÚËÚ‡Ì‡Ú‡ (BTO) Ë ÒË-
ÎËÍ‡Ú‡ (BSO) ‚ËÒÏÛÚ‡.
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